The N-end rule is one ubiquitin-proteolytic pathway that relates the in vivo half-life of a protein to the identity of its N-terminal residue. NTAN1 deamidates N-terminal asparagine to aspartate, which is conjugated to arginine by ATE1. An N-terminal arginine-bearing substrate protein is recognized, ubiquitylated by UBR1/E3␣, and subsequently degraded by 26S proteasomes. Previous research showed that NTAN1-deficient mice exhibited impaired long-term memory in the Lashley III maze. Therefore, a series of studies, designed to assess the role of NTAN1 in short-and intermediate-term memory processes, was undertaken. Two hundred sixty mice (126 −/−; 134 +/ +) received Lashley III maze training with intertrial intervals ranging from 2-180 min. Results indicated that inactivation of NTAN1 amidase differentially affects short-, intermediate-, and long-term memory.
The ubiquitin-proteolytic pathway regulates numerous cellular processes, including signal transduction, cell-cycle progression, DNA repair, apoptosis, antigen processing, and gene expression (Varshavsky 1997) . The N-end-rule pathway, one subset of the ubiquitin pathway, relates the in vivo half-life of a protein to the identity of its N-terminal residue (Bachmair et al. 1986 ). In mice, N-terminal Asn and Gln of the N-end-rule substrates are deamidated to Asp and Glu by NTAN1 and NTAQ1, respectively (Grigoryev et al. 1996; Kwon et al. 2000) . Amino-terminal Asp and Glu are conjugated with Arg by ATE1, which exists as two distinct species, ATE1-1 and ATE1-2, the products of alternative splicing (Kwon et al. 1999a) . Target proteins bearing Arg (or other primary destabilizing residues) are recognized and ubiquitylated by UBR1/E3␣ (the E3 component of the Nend-rule pathway) with the help of a ubiquitin-conjugating enzyme (E2) and are processively degraded by 26S proteasomes. UBR1 recognizes N-end-rule substrates through its type 1 and type 2 substrate-binding sites (Varshavsky 1996; Kwon et al. 1999b) . Mouse UBR1/E3␣ cDNA has been recently cloned (Kwon 1998) , and the mice lacking UBR1 have been recently constructed (Y.T. Kwon and A. Varshavsky, unpubl.) . Recently, mice lacking NTAN1 have been constructed (Kwon et al. 2000) . These mice specifically lack the asparagine branch of the N-end-rule pathway and were found to be less active in an open field and impaired on several spatial memory tasks (Kwon et al. 2000) .
One of these spatial tasks was the Lashley III. This maze contains cul-de-sacs that must be avoided and T-choices at which an animal must learn whether to turn right or left (see Fig. 1 ). When given one trial per day for 5 d, NTAN1 −/− mice were less competent than wild-type mice in learning. Further, when retested ∼8 wk later, NTAN1 −/− mice exhibited poorer retention (Kwon et al. 2000) . Thus, with an intertrial interval (ITI) of 24 hr, wild-type mice were better learners than NTAN1 −/− mice in this maze. It is well established that memory is a time-dependent process that requires the consolidation and storage of newly acquired information (McGaugh 1966) . In addition, it is well known that the temporal parameters employed during training affect recall (Warden 1923; Travis 1937; Thompson and Pennington 1957; Kamin 1957 Kamin , 1963 Frieder and Allweis 1982a,b; Yongue and Roy 1985; Bernabeu et al. 1997; Bourtchouladze et al. 1998; Heyser et al. 1999) . Research has revealed that memory can be divided into at least two main phases: short-term, which lasts only minutes and requires the modification of preexisting proteins, and longterm, which lasts for days or longer and is accompanied by neural growth and the synthesis of protein (Barondes and Cohen 1966; Cohen and Barondes 1968; Davis and Squire 1984; Bailey et al. 1996) . It is important to note, however, that other researchers have further dissected memory into three phases (Ng et al. 1991; Rosenzweig et al. 1991) or four phases (Frieder and Allweis 1982a) . Regardless of which system one relies upon, it is generally assumed that an ITI of 24 hr requires the utilization of a long-term presumably protein-dependent memory system (Mark and Watts 1971; Flood et al. 1973; Abel et al. 1997; Bourtchouladze et al. 1998) . Inactivation of the NTAN1 gene in mice resulted in impaired long-term memory in the Lashley III maze (Kwon et al. 2000) . One interpretation of this result is that a normally short-lived regulatory protein that is targeted for degradation by the N-end-rule pathway through the protein's N-terminal Asn becomes long-lived in NTAN1-deficient mice. The resulting increase in the steady-state concentration of this protein alters the functioning of relevant neural networks in the brain. However, physiological substrates of NTAN1 remain to be identified. The role of NTAN1 in shortterm (and intermediate-term) memory systems is still not known.
Therefore, in the current set of experiments, wild-type and NTAN1 −/− mice were given five trials in the Lashley III maze all on one day with ITIs varying from 2 to 180 min in anticipation that there would be a time-dependent dimension to the NTAN1 −/− performance, as a result of the stabilization of proteins. The range of ITI values was selected so as to measure time points preceding, including, and following the ∼84-min half-life of asparagine-bearing proteins.
RESULTS
Preliminary analyses involving genotype, sex, and/or group were done for all ITIs listed in Table 1 (except for the 2-min data) for each behavioral measure. In only two instances did genotype interact with sex or group. This is to be expected by chance alone. Therefore, the genotype main effect was summed over sex and group. A significant main effect for trials was obtained for cul-forward, backward, and learning index at each ITI, showing that learning occurred. Only the 15-and 60-min ITI groups showed learning on the T-forward error measure.
Learning Across All ITIs
In order to assess the consequences of varying the ITI upon learning, a 2 (genotype) × 8 (ITI) × 5 (trials) ANOVA was performed,with repeated measures on trials for each behavioral measure. We report only main effects and interactions involving the genotype factor.
These analyses revealed significant genotype ✕ ITI linear trends for cul-forward and backward errors [Fs (1, 183 Figure 2 plots mean learning scores for each measure across all ITIs for both genotypes. The significant interactions appear to be due to the crossover of the genotype curves between 90 and 120 min. To determine whether this was so, the data were broken into several subsets and tested for interactions. The first subset consisted of two groupings of the ITIs: 2-60 min and 90-180 min. There were no significant genotype × ITI interactions for any measure in the 2-60 min grouping (Fs < 1), but there were for cul errors, Balogh et al. Figure 3 shows the 24-hr retest data for the groups that were retested. These were broken into short ITIs (2-90 min) and intermediate ITIs to parallel the analyses described above. For the short ITIs, 2 × 5 (genotype × ITI) ANOVAs found that NTAN1 −/− mice made more cul-forward and It was of interest to determine if the two genotypes had the same rate of change over the 24-hr interval. Therefore, the analyses described above were redone, this time with trial 5 data included as an additional repeated measures variable. Within the short ITIs, the genotype effect was significant for cul-forward errors and learning index and was near significant for backward errors (p < .08). The only significant trials effect was for cul errors for the short ITI, in which the number of errors on the 24-hr retest was less than on trial 5 of the previous day. We did not find a genotype × trials effect in any of the analyses, indicating that the rate of change was equivalent for the two genotypes.
24-Hr Retest Data
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Comparative Learning Curves
With an ITI of 24 hr, Kwon et al. (2000) found significant genotype effects favoring the wild-type mice on all measures but cul-forward errors. Those learning curves are reproduced in Figure 4I -L. To obtain comparable curves for the animals used in this study, all mice in the short ITIs of 2-90 min were pooled, as were the mice for the intermediate ITIs of 120 and 180 minutes. Their learning curves for the four measures are shown in Figure 4A -H.
Correlations among the Measures
The learning curves for T-and cul-forward errors in Figure  4 bear no relationship to each other, suggesting that the measures may be independent. To determine this, Pearson correlations among the four Lashley measures were calculated for each genotype for the short, intermediate, and long ITIs. The correlations did not differ between the genotypes, so this classification was dropped and the correlations were recalculated. Within the short and intermediate ITIs, the correlations between T-and cul-forward errors were non-significant (see Table 2 ), while all the remaining correlations were significant. A similar dissociation between T-and cul-forward has been noted previously (see Jackson and Strong 1969) . Within the long ITI, the T-and cul-forward error scores were significantly related, although the correlation was modest. The remaining correlations were numerically higher.
DISCUSSION
There are three major issues to address: first, why T-and cul-forward errors are independent during short and intermediate memory and modestly correlated in long-term memory; second, justification for a three-part memory system; and third, the relationships between the genotypes, the memory systems, and the behavioral measures.
T-and Cul-Forward Errors
In order to expedite reaching the goal, an animal must learn two things when navigating through the Lashley III maze: (1) where not to go and (2) the correct forward-going path. Figure 1 shows that the mouse must learn the correct sequence of right/left turns at T-choices and to avoid cul-desacs (or dead ends).
We have found that both rats and mice eliminate culforward errors more quickly than they eliminate T-forward errors (Denenberg et al. 1991; Boehm et al. 1996) . Thus, it appears easier to apply a general rule throughout the maze (i.e., never enter a cul), than it is to remember which of two choices is to be made at each of the four T-junction points. Learning not to enter a blind alley may be thought of as a form of inhibitory learning, whereas learning which way to turn at each of the T-choices requires storing specific information in one's memory. We propose that these involve different learning processes and different memory systems and that this leads to a non-significant correlation between T-and cul-forward errors at the short and intermediate ITIs.
Although these are different memory systems, the modest correlation between these measures at the long ITI is presumably because of a common requirement for protein synthesis.
The other two measures-backward errors and learning index-were significantly and highly correlated with the cul-and T-forward measures, although for different reasons. Backward errors were positively correlated because the greater the number of backward errors made, the more opportunity there was to make a cul-or T-forward error. The learning index measure was negatively correlated because the denominator of this ratio number is the sum of all errors made. Thus, the cul-and T-forward error measures are the only two that represent different learning processes, and the remainder of the discussion will focus upon them.
Before doing so, however, it is necessary to address an alternative interpretation, one not based upon an effect upon learning and memory. It may be suggested that the larger number of cul errors made by NTAN1 −/− mice during the short ITIs is because they swam faster than wild-type mice and, therefore, their momentum carried them past the choice point into a cul-de-sac. We do not measure swimming speed in the Lashley III maze. Nonetheless, we did not find a difference in swimming in the water escape task in this or other studies with these mice, nor have we ever found genotype differences in swimming speed in the Morris water maze (Kwon et al. 2000) . Thus, it appears unlikely that speed of swimming was a determining factor in the behavioral results we observed.
Tripartite Memory System
The data from the present studies support a three-part memory system. The short-term and intermediate 
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As has been the case with prior research aimed at establishing the temporal boundaries of learning and memory, the short-and intermediate-term memory systems described herein were defined based upon the consistency of genotype differences across the differing ITIs, as indicated by lack of significant interactions at the behavioral level. It is recognized that at the molecular level the various ITIs might each activate a slightly different set of biochemical pathways. However, behavioral homogeneity in the presence of molecular heterogeneity is characteristic of a biological system (Bertalanfy 1969; Weiss 1969) .
The present findings are in accord with the conclusions of several researchers that there are at least three memory systems that act either in series or in parallel (Barondes and Cohen 1966; McGaugh 1966; Frieder and Allweis 1978, 1982a) . Furthermore, the short-and intermediateterm memory systems found in this study generally fit within the time frames of the short-and intermediate/medium-term memory systems proposed by others (Daniels 1971; Frieder and Allweis 1978, 1982a; Davis and Squire 1984; Rosenzweig et al. 1991; Bailey et al. 1996) , despite the often disparate temporal parameters for learning and memory between species and tasks used (Frieder and Allweis 1982b) .
Biochemically, the short-term mechanism has been suggested to involve electrical change (i.e., short-term cellular change) (John 1971; Gibbs et al. 1978) , whereas the long-term mechanisms are, by and large, considered to be a manifestation of protein synthesis or macromolecular storage (Bailey et al. 1996; Barondes and Cohen 1966; Cohen and Barondes 1968; John 1971; Davis and Squire 1984; ) . The mechanisms of the intermediate-term processes, or intermediate holding mechanism, however, are unclear. Ionic changes or alterations in RNA synthesis have been proposed (Hyden and Egyhazi 1962; John 1971) , although the latter has been shown to be an unlikely candidate (Briggs and Kitto 1962; Smith 1962; Barondes and Jarvik 1964) . To date, what exactly occurs at this intermediate time point remains a mystery. Either way, each of these stages has been shown to be differentially affected by pharmacological interventions aimed at their suspected modes of action. This is consistent with the notion that consolidation is a result of parallel rather than serial components Cohen 1966, 1967; Kobiler and Allweiss 1977; Frieder and Allweis 1978) . These data suggest that these memory systems are presumably evoked and controlled by different, but perhaps related, biochemical processes.
The Effects of Genotype
Inactivation of the NTAN1 gene in mice revealed a tripartite memory system for Lashley III maze learning as indexed by cul-and T-forward errors. We have suggested that the culforward error score is a measure of inhibitory learning and demonstrated that in NTAN1 −/− animals this score is depressed during short-term memory but facilitated during intermediate-term memory. We propose that if short-term cellular change (Gibbs et al. 1978; John 1971 ) is responsible for this type of learning, that perhaps neural overexcitation, brought upon by inactivating the NTAN1 gene and stabilizing asparagine-bearing target proteins, differentially and selectively affects both of these memory processes. We find the correspondence between the ∼84-min half-life of asparagine-bearing proteins and the breakpoint between the short-and intermediate-term memory systems (i.e., between 90 and 120 min) intriguing. At present, however, we have no suggestions to offer as to specific underlying mechanisms of this effect. The failure of the genotypes to differ at the 24-hr ITI suggests that the three systems run in parallel.
In contrast to cul-forward errors, T-forward errors, which measure how effectively the animal has learned the correct path to the goal, were not reduced for any ITI between 2 and 180 min. Learning did occur at the 24-hr ITI, but NTAN1 −/− mice were inferior relative to wild-type mice. Thus, we conclude that protein synthesis is necessary for T-choice learning to occur, and that prolonging the presence of asparagine-bearing proteins interferes with this and/ or related processes. Because the two error measures are independent of each other, it well may be that two different biochemical mechanisms are involved in the establishment of memories within these memory systems.
Our findings suggest that proteolytic processes are used to establish different phases of memory, each of which requires presumably related yet unique proteolytic components. Because no specific baseline physiological substrates of NTAN1 involved in learning and memory have been identified, the specific biochemical underpinnings of these three memory systems are yet to be elucidated. We view this as a working hypothesis since it is likely that eliminating this one gene has affected many processes, in addition to learning and memory. Because the genome organizes itself in a systems fashion (Wahlsten 1999; Denenberg 2000) , we recognize that the behavioral profile of NTAN1-deficient mice represents the interactive consequences of several of these processes, rather than being the exclusive province of purely cognitive measures. Table 1 shows the genotype, sex, and age at the start of Lashley III testing for the 260 NTAN1 −/− mice that made up the 12 independent groups tested in the current studies. The construction and breeding of these mutant mice have been described previously (Kwon et al. 2000) . All of the mice described herein were offspring of homozygous breeding pairs (−/− × −/− and +/ + × +/ +) bred at the University of Connecticut's Developmental Psychobiology Laboratory. All mice were maintained singly housed on a 12-hr light-dark cycle (lights on at 0600 hr) with food and water ad libitum. Experimenters remained blind to the genotype of the mice until behavioral testing was complete.
MATERIALS AND METHODS
Subjects
All mice were given water escape training prior to the Lashley III maze testing. Both genotypes learned to escape and there was no genotype effect. This measure will not be discussed further.
Lashley III Maze Training
Figure 1 is a schematic of the Lashley III maze, showing cul-forward errors and T-choice forward errors. A water version of the maze was used, with the temperature maintained at 19-21°C (Denenberg et al. 1991) . Each mouse received a total of five trials given at one of the following ITIs: 2, 15, 30, 45, 60, 90, 120, or 180 min.
The measures of learning included a learning index defined as number of correct entries divided by total number of entries, culforward errors, forward T-choice errors, and backward errors (any backward entry was considered an error).
The majority of groups received one additional trial 24 hr after their last training trial (see Table 1 ).
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